The menadiol oxidase activity of Arum maculatum mitochondria has been solubilized and fractionated. A preparation has been obtained which has an increased specific activity and a greatly decreased polypeptide composition when compared to the mitochondria. This preparation retains normal inhibitor sensitivities in that the oxidation of menadiol remains insensitive to cyanide and is inhibited by aromatic hydroxamates. Metal analyses of the preparation showed that only iron was closely correlated with the oxidase activity. No unusual lipid components were detected in the preparation. The results are discussed in relation to chemical quinol oxidation mechanisms and to several recent hypotheses concerning the nature of the higher plant alternative oxidase.
The phenomenon of thermogenesis in plants has been documented for over 200 years but it was not until the 1930s that van Herk (28) was able to ascribe the process to the presence of a cyanide-insensitive respiratory pathway which subsequently became known as the alternative pathway. The molecular nature of this pathway has however remained obscure, because of the apparent lack of any distinguishing spectroscopic features of the components involved. The diverse suggestions of its possible nature have been the subject of several relatively recent reviews (1, 10, 13, 23) . A possible means of definitively identifying the components involved was suggested in 1978 when two separate laboratories reported the solubilization and partial purification of quinol oxidase activities which retained features which are characteristic of this pathway (11, 17) . These relatively crude preparations contained significant quantities of copper, Cyt b, and carotenoid, although many proteins were still present.
No further publications which follow up the above observations have since appeared, however. In our own laboratories, this has been because of the extraordinary lability of the oxidase after its solubilization. During this time, several laboratories have indeede-xpressed doubts as to the existence of this oxidase and have instead suggested lipoxygenase (15, 21) or even fatty acid peroxidation (19, 20) as the cause of cyanide-insensitive 02 consumption. Others have cast doubts on the validity of the quinol oxidase assay itself (27) .
In this paper, we report on the further progress in the purification and partial characterization of the Arum maculatum ' The authors are indebted to the Burroughts Wellcome Fund for their support of this project. W. D. B. is also supported by grants from the National Science Foundation; S. D. C. and P. R. R. by a grant from the Venture Research Unit of British Petroleum plc. quinol oxidase preparation. These results are discussed in relation to the above-mentioned suggestions as to the nature of the oxidase.
MATERIALS AND METHODS Preparations. Mitochondria were prepared from the unopened spadices ofArum maculatum by a standard procedure (3). They were either used immediately or stored in liquid N2 until required. Protein content of the mitochondria was estimated from the amount of Cyt b present and assuming 0.4 nmol Cyt b/mg protein. The Cyt b was estimated from a dithionite-reduced minus oxidized difference spectrum and with an extinction coefficient at 560 nm of 20 mm-' cm-'.
Menadiol was prepared from the quinone by a method described previously (16 
RESULTS
Solubilization and Fractionation of the Quinol Oxidase Activity. The quinol oxidase activity was found to be extraordinarily heat labile after solubilization. It was necessary during the following steps to keep the preparation below 0°C with salt-ice mixtures and precooled centrifuge heads. Only in this way could reasonable yields of activity be obtained. Table I illustrates the activities and yields during a typical preparation. In this example, 375 g spadices produced 70 ml of mitochondria at 55 mg protein/ml with a specific activity of 320 nmol 02 consumed/mg protein . min.
Step 1. The mitochondria were slowly diluted 5-to 10-fold with cold distilled H20. They were then centrifuged at 48,000g for 15 min and the purple supematant was discarded. The broken mitochondrial pellet was resuspended to a final protein concentration of 10 mg/ml with 50 mm Tricine, 0.4 M sucrose (pH 8.0). Often this resuspended pellet had a greater total activity than the original mitochondria (Table I) .
Step 2. Potassium deoxycholate was added as a neutralized 10% (w/v) solution to a final detergent/protein ratio of 1:12. The whole was mixed for 10 min and then centrifuged at 40,000g for 30 min. The red-brown supernatant, which contained most ofthe activity, was carefully separated from the pelleted material.
Step 3. A solution of 50% saturated ammonium acetate, (prepared by dissolving a fresh 500 g bottle ofammonium acetate in 675 ml water [9] ) was slowly stirred into this supernatant and a precipitate was seen to form. The amount added was 1 ml 50% saturated ammonium acetate solution per 10 ml of supernatant solution. The mixture was centrifuged at 40,000g for 10 min and the green/white pellet was discarded. A further 0.3 ml 50% saturated ammonium acetate per 10 ml supernatant solution was added slowly, the mixture was centrifuged at 40,000g for 10 min, and the pale yellow pellet was discarded. The supematant was again treated with 0.5 ml 50% saturated ammonium acetate solution per 10 ml supernatant solution and after centrifugation as previously, a bright yellow pellet was formed. This pellet was resuspended in a small volume of buffer containing 25% (v/v) glycerol, 10 mM Hepes, and 10 mM MgCl2 (pH 7.5).
Step 4. This resuspended pellet was solubilized with 10 mm lauryl maltoside in 25% (v/v) glycerol, 10 mM Hepes, 10 mM MgCl2 buffer (pH 7.5); 6 ml ofthis solubilized fraction (generally around 25 mg protein/ml) was layered onto 74 ml of a 10 to 30% (w/v) continuous sucrose gradient containing 10 mm Hepes (pH 7.5), 1 mM PMSF, 10% glycerol buffer with 5 mg/ml lauryl maltoside (4) . The gradient was centrifuged at 150,000g for 16 h in a Beckman 45Ti rotor.
Gradient Analysis. After centrifugation, several distinct bands could be seen on the gradients. That nearest the top of the gradient (lowest density) was pale yellow and slightly opalescent. This was followed by a rather clear region and then a fairly narrow bright yellow band. This yellow color was caused by carotenoids. Below this was a much broader band which was pale pink in color, caused by the presence of a b-type Cyt.
Samples were siphoned from this gradient and analyzed for Cyt, carotenoid, metals, and oxidase activity. Figure 1 illustrates the distribution of oxidase, carotenoids, and Cyt b in fractions from such a gradient. It may be seen that the oxidase activity formed a peak which was distinct from the other bands. This peak lies in the clear region between the carotenoid band and the top of the gradient. Figure 2 illustrates the distributions of Cu, Fe, and Mn compared to the oxidase distribution. Only the Fe content correlated well with the oxidase activity. Cu content was highest at the top of the gradient and progressively decreased through the oxidase peak. Spectral analysis revealed that the Cu correlated with the presence of a component with a broad peak centered at 600 nm, suggesting the presence of a type I blue copper protein.
Proteins of Mitochondria and Oxidase. SDS-PAGE ofthe most active oxidase preparations revealed that several major bands and many minor ones were still present (Fig. 3) . Despite this, a significant decrease in number of bands when compared to mitochondria has been achieved. It would be premature to speculate as to which of the polypeptides were essential for oxidase activity at this stage. However, assuming that the major band in Figure 3 is the oxidase and that its Mr is 34 kD, the iron/protein ratio is 0.43. The total oxidase activity as well as its specific activity resulting from each step in the above described procedure are summarized in Table I. Identification of the Cyt b Polypeptide. A heme stain was performed on an SDS-PAGE gel of a Cyt b fraction from the gradient (Fig. 4) Figure 5 illustrates some properties of quinol autoxidation when catalyzed by ionic species of Cu and Fe.
In the absence of added metals, the oxidation of 0.5 mM menadiol at pH 6 is relatively slow and autocatalytic. The autocatalysis is presumably caused because the oxidation is predominantly via the semiquinone, whose concentration is dependent on the amounts ofquinone and quinol present. Addition of catalase approximately halves the observed rate of 02 consumption, indicating that H202, rather than water, is the final product. Rates are slightly enhanced by either EDTA or SHAM.
It cannot be ruled out that these small rates are caused by trace amounts of metals in our solutions.
Cupric-mediated menadiol oxidation resembles the Arum quinol oxidase in that it is insensitive to KCN and sensitive to SHAM. However, it is significantly inhibited by 1 mM EDTA and appears to produce H202 as an end product (as judged by a halving of the observed rate of 02 consumption when catalase is added).
Ferrous ions are also capable of promoting rapid menadiol oxidation at pH 6. As with the reaction with cupric ions, the process is KCN insensitive and SHAM, as well as EDTA sensitive. A lack of a discernible effect of catalase indicates a probable end-product of water rather than H202. These effects, although fully reproducible, were difficult to quantitate since the uninhibited rates were nonlinear and the degrees of inhibition depend upon the time of inhibitor addition after initiation ofthe reaction with quinol.
These metal ion-mediated pathways of quinol oxidations may be compared to the properties of the purified oxidase activity (Fig. 6 ) and several significant differences may be seen. The first point to note is that the amounts of Fe or Cu present in the added oxidase preparations were always less than 0.5 uM, amounts which are insufficient to produce the chemical effects described above. Second, the enzymic rates are not autocatalytic and are extremely heat-labile. On the basis of the lack of effects of KCN and catalase, it would appear that water is the final product of the reaction. This conclusion was confirmed by were consumed for each oxygen molecule used. Further differences are apparent in the inhibitor sensitivities of the processes. Although all are insensitive to KCN and sensitive to SHAM, only the isolated preparation is unaffected by EDTA. A further difference of note is that the quinol oxidase is inhibited by the quinone analog DBMIB (22, 26) , whereas the chemical mechanisms are not (Fig. 5) .
DISCUSSION
We have presented data here concerning the further fractionation of a quinol oxidase activity from mitochondria of the spadices ofArum maculatum, hence extending the original 1978 reports (11, 16, 18) . During this period a number of workers have expressed doubts as to whether the quinol oxidase assay is valid (27) as well as to whether the alternative oxidase itselfmight be caused by lipoxygenase contamination (7, 8, 15, 21) or might be merely a chemical pathway caused by the reaction of quinols with lipid peroxides (19, 20) . Several of the data in this report argue against these possibilities.
Vanderleyden et al. (27) produced data which suggested that the solubilized quinol oxidase activity might be a rather nonspecific effect caused merely by a general catalysis of quinol autoxidation by proteins in the solution. They showed that even BSA could catalyze this effect, although it was insensitive to SHAM. This effect, however, is unlikely to explain our activity since the amounts ofsolubilized oxidase protein required are much smaller and the preparation retains full sensitivity to SHAM, as documented earlier ( 16, 18) .
A second point concerns whether the activity is caused by a protein species and, if so, whether the protein is a novel respiratory component or a previously characterized enzyme, for example lipoxygenase, which has a secondary quinol oxidase activity. Several features ofour work support the view that the activity is associated with protein(s). First, the activity fractionates in a manner characteristic of proteins, although this cannot be considered definitive proof since other macromolecules might fractionate similarly. A more convincing feature indicative of a protein is the extraordinary thermal lability (Fig. 6 ). Other more indirect evidence for the protein nature comes from the ruling out of an unusual lipid or an Fe or Cu contaminant as the source of observed activity.
The suggestion that the activity might be caused by lipoxygenase contamination would appear to be extremely unlikely, and the case against it has been well discussed by others recently (23) . In our hands the only measured metal which has consistently co-purified with the oxidase activity is Fe. From this and the above discussion, we still consider that the oxidase activity is most likely of a protein nature, probably with Fe as an integral component, and see no reason at present to abandon this view in favor of the more recent speculations.
Several problems still remain, however. In the first place, definitive identification of components must still await further purification. In addition, we have found that this method for solubilization of quinol oxidase assay, which also was successful with mitochondria from Sauromatum guttatum, does not work well with several other sources of mitochondria, such as mung bean ( Vigna radiata) and skunk cabbage (Symplocarpusfaetidus) (R Bonner, unpublished data) and the reasons for such differences remain obscure. We hope that extension of the methods described here will help to resolve some of these problems.
Two side products of this procedure are worthy of comment. The copper-containing species has a broad absorption band at around 600 nm and is most likely a blue type I copper protein.
It is present in fairly high concentrations in the original mitochondria and is presumably membrane-bound. This is anomalous since all other proteins of this class are water-soluble. Whether it has any function in the alternative pathway remains unknown. The other side product is the Cyt b. Its molecular mass of 32 kD is rather smaller than the mammalian Cyt bc, complex counterpart (5) , although the plant and mammalian Cyt c, both have a Mr of 31 kD. Consequently, whether this Cyt b is of bc1 complex-origin or whether it represents the Cyt b7 of Bendall and Hill (2) remains to be established.
